Data on linear sperm dimensions in mammals are presented. There is information on a total of 284 species, representing 6\m=.\2%of all species; 17\m=.\2%of all genera and 49\m=.\2%of all families have some representation, with quantitative information missing only from the orders Dermoptera, Pholidota, Sirenia and Tubulidentata. In general, sperm size is inverse to body mass (except for the Chiroptera), so that the smallest known spermatozoa are amongst those of artiodactyls and the largest are amongst those of marsupials. Most variations are due to differences in the lengths of midpiece and principal piece, with head lengths relatively uniform throughout the mammals.
Introduction
There is increasing interest in comparative studies of gametes both from the phylogenetic viewpoint (Afzelius, 1983) and also in the analysis of the evolution of sexual reproduction and anisogamy (Bell, 1982; Parker, 1982) . This work emerged as part of a review of the relationship between sperm size and body mass in mammals (Cummins, 1983) , in which lack of space precluded the inclusion of raw data. In publishing this catalogue of sperm dimensions we wish to rectify this defect, and to provide a reference point for, and stimulus to, further quantitative work while obviating the need for laborious compilation of raw data. Some aspects of the material presented previously (Cummins, 1983) have been re-analysed in the light of new data.
Materials and Methods
This catalogue of sperm dimensions has been built up from cited measurements, from personal observations and from communication with other scientists. Where personal measurements are included, they were made on air-dried nigrosin-eosin live/dead sperm smears (Campbell, Dott & Glover, 1956) using a calibrated projection microscope. Some data are based on measurements made from Retzius' series of monographs (1906) (1907) (1908) (1909) (1910) . Although Retzius did not, unfortunately, give accurate scales for his illustrations, it appears that in most cases all the spermatozoa on a single plate were drawn to the same scale. On many plates, therefore, it was possible to find a reference spermatozoon of known dimensions, and to estimate the total sperm lengths of other species from this. While these measurements can be no more than rough approximations, they have nevertheless proved useful for comparative work. In Table 1 , such measurements are only included when more accurate data for an otherwise unknown group are not available. When it subsequently proved possible to double-check such estimates, they were usually accurate to within 5 µ .
The weights and classification of eutherian and monotreme mammals are from Walker (1975) ; marsupial taxonomy is from Kirsch (1977) . Species identification is listed as given by the original source. Where necessary, more modern or more widespread synonyms are shown in parentheses. These were obtained from Ellerman (1940, 1941) , Hall & Kelson (1959) , Meester & Setzer (1974) , Walker (1975) and Haltenorth & Differ (1980) . Table 1 gives a complete listing of all the data that we have collected on sperm dimensions. Except¬ ing only those figures keyed by an asterisk, which are probably inaccurate (see Key to Table 1 ), all figures have been accepted uncritically, and readers are referred to the original source for details of methodology, ranges and standard errors of mean measurements. Figures given in parentheses are estimates from Retzius' monographs (1906 Retzius' monographs ( , 1909a Retzius' monographs ( , b, c, 1910 : see 'Material and Methods'). Table 2 summarizes the extent of our data coverage. We now have collected quantitative data on 6-2% of all mammalian species, covering 17-2% of genera and 49-2% of families. We have been unable to find quantitative information for 4 minor orders; the Pholidota (pangolins), the Dermoptera (flying lemurs), the Sirenia (dugongs, manatees) and the Tubulidentata (aardvark). Of the larger orders, as might be expected, the extent of coverage is most comprehensive for those most likely to be used in the laboratory or as domestic species; the Artiodactyla, Perissodactyla, Lagomorpha and Primates. While we have data on more species of rodents (122) than for any other order, because of the enormous diversity and number of species, this represents only 5-3% of the total-slightly less than the average cover for all mammalian species. Marsupials and monotremes are reasonably well represented, reflecting much recent interest in the use of sperm morphology for phylogenetic analysis (see, for example Harding, Woolley, Shorey & Carrick, 1982) . Rather surprisingly, there are no sperm dimensions published for American marsupials, even though details of morphology have been known since the beginning of the century. This account deals only with linear measure¬ ments, and not with other quantitative aspects such as mass, volume or density; for a detailed bibliography before 1964, together with an exhaustive discussion of sperm mensuration in terms of volume, mass and projected surface area, together with a discussion of the possible sources of error in measurement, see van Duijn (1975) and van Duijn & van Voorst (1971) . For a review of the genetics of sperm dimensions in mammals see Beatty (1970 Beatty ( , 1972 Beatty ( , 1975 , Williams, Beatty & Burgoyne (1970) and Burgoyne (1975) . For correlating sperm dimensions with those of eggs, see Hartman (1929) . (Knepp, 1936a (Knepp, ,b, 1938 in which sperm measurements were made from testicular histology specimens, and several of these are obviously inaccurate (e.g. Felis catus and Canis familiaris). With this exception, all results have been presented uncritically, and the reader is referred to the original source for details of methodology. The midpiece length values for marsupials are measured from the point of insertion on the mid-ventral surface of the head, except for Phascolarctos (6, 60). continued overleaf (head lengths do not include the post-acrosomal process, where present in C. maulinus and C. magellanicus); (69) Chandley et ai, 1974; (70) van Duijn, 1960b;  (71) van Duijn, 1960a;  (72) van Duijn, 1958 (principal piece includes estimate of 6-10 pm for the "tail end"; (73) S. K. Robson & G. W. Rouse, personal communication; (74) Flechon & Hafez, 1976. While the available information is probably sufficient for us to ask some interesting questions about the evolution of sperm form and function, Table 2 also highlights our ignorance. In parti¬ cular, it would appear worthwhile to concentrate research on some of the more 'primitive' groups, such as the Insectívora and, amongst the Rodentia, the Sciuridae. The Chiroptera, in particular would be valuable to examine, as flight seems to have imposed certain restrictions on reproductive strategy, and they are anomalous in terms of the inverse sperm length-body mass relationship which seems to hold true for most mammals (Cummins, 1983 ; and see below).
Results and Discussion
We have not attempted here to correlate sperm dimensions with any other aspect of gamete morphology such as head shape. For qualitative analyses of mammalian sperm morphology in a wide range of groups the reader is referred to reviews by Bishop & Austin (1957) , Austin & Bishop (1958) , Fawcett (1958 Fawcett ( , 1970 Fawcett ( , 1976 , Bishop & Walton (1960) , Fawcett, Anderson & Phillips (1971) , Bedford (1974) , , Gould, Martin & Hafez (1975) , Matano, Matsubayashi, Omichi & Ohtomo (1976) , Gould (1980) and Elder & Hsu (1981) . In addition, Retzius (1906 Retzius ( , 1909a Retzius ( , b, c, 1910 published some beautiful illustrations of spermatozoa of some rare species among, for example, the Carnivora and the Insectívora, which are of undoubted qualitative value in surveying sperm morphology. For a comparative review of sperm morphology in invertebrates as well as vertebrates, see Baccetti & Afzelius (1976) . Table 3 summarizes the range of sperm dimensions and body masses within mammalian Orders. It is clear that the greatest diversity in sperm length is seen in the Chiroptera, Insectívora, Rodentia and Marsupialia. In Table 4 , some of the information previously summarized (Cummins, 1983) has been expanded and reanalysed. Correlations and regressions are based on analysis of log10 total sperm lengths and log10 body masses within mammalian orders, using the median figure for each genus when more than one species is represented. Only data of reasonably good accuracy were used here. In this analysis, in which both variables are subject to error, it is inappropriate to use linear regression. Instead, a Model II regression must be used, calculating the slope of the major or principal axis. When the correlation is reasonably high, the slope of the linear regression b and 1977) . the slope of the principal axis will be close in value. It is clear that, in general, total sperm length is inversely correlated with body mass, with the exception of the Chiroptera. As pointed out pre¬ viously (Cummins, 1983) , a negative relationship of this sort is highly unusual. It is not, strictly speaking, negative allometry, in which an organ increases less rapidly than body size when the two are plotted against each other (Clutton-Brock & Harvey, 1983) . The only other commonly cited examples of aspects of body function bearing negative relationships to body mass are metabolic rate and the surface area:volume ratio (Gould, 1966; Clutton-Brock & Harvey, 1983; Schmidt-Neilsen, 1984) . Body mass is also inversely related to population density (Damuth, 1981; Peters & Raelson, 1984) , to species density (Peters, 1983) and to the rate of generation turnover in timepresumably in itself related to the capacity of species to adapt to changing or rapidly fluctuating environments (Lindstedt & Calder, 1981; Fowler & MacMahon, 1982; Calder, 1983) . Thus, some small predators may increase their ability to exploit short-term fluctuations in prey numbers by reducing their generation time (reviewed by Clutton-Brock & Harvey, 1983) . A negative relationship between sperm size and body mass is by no means universal among mammals, with the Chiroptera being the outstanding exception (Table 4 ). It is also worth pointing out that, while no 'large' ( > 10 kg) mammals have very large spermatozoa, quite clearly the reverse is not necessarily true. A good example of this can be seen in the murid rodent Micromys minutus, which has a mean body weight of only 6 g and also very small spermatozoa of 63-7 µ .
In analysing the sperm length-body mass relationship, it would appear that the question to ask is, why do some small mammals, but no large mammals, have very large spermatozoa? In a pre¬ vious analysis (Cummins, 1983) it was suggested that mammals have the choice between producing *Means are of median values within genera when more than one species per genus is represented. Data from Knepp (1936a, b; 1938) were not included, as their accuracy is suspect. The numbers differ from those in Table 2 because only species for which total sperm length is known have been included. few large spermatozoa or many small spermatozoa. In a sense, this argument is based in energetics, supposing that animals tend to invest a relatively constant amount in gamete output. Similar assumptions lie behind most theoretical models concerning the evolution of anisogamy-large ses¬ sile female gametes, and small mobile male gametes (Parker, Baker & Smith, 1972; Charlesworth, 1978; Parker, 1978; Bell, 1978 Bell, ,1982 Sivinski, 1980; Parker, 1982; Hoekstra, Janz & Schilstra, 1984 ; and see also Calow, 1979) . Pressures to produce many small spermatozoa are many and diverse, not least being inter-male competition in competitive mating situations, and tendencies for spermatozoa to be lost through dispersion in a large female reproductive tract (Parker, 1970 (Parker, , 1982 . This may be complicated by other factors such as 'gamete redundancy' (Cohen 1969 (Cohen , 1983 Wallace, 1974) and by variations in breeding system affecting sperm output (Harcourt, Harvey, Larson & Short, 1981) . Cummins (1983) suggested that very large spermatozoa may be selected for when dispersion distances are small, and when circumstances in the female tract favour large, vigorous spermatozoa competing between each other to be first to reach the eggs; while this suggestion obviously needs much more work to validate or to refute, it is supported by at least one theoretical model (G. Bell, personal communication). If the production of large numbers of small spermatozoa is one way of overcoming tendencies for gametes to be lost by dispersion, then perhaps the anomalous position of the Chiroptera in Table 4 may be explained on the grounds of temporal rather than spatial dispersion. Bats, and particularly small bats of temperate zones, show pronounced capacity for prolonged sperm storage both in the male and the female (Racey, 1975) . It would seem to make energetic sense too for chiropterans to invest in many small gametes with limited individual metabolic reserves. Interest¬ ingly, the stored spermatozoa appear to enter into a close relationship with the female tract, possibly being nurtured by it (Krutzsch, Crichton & Nagle, 1982) . Chiropteran spermatozoa also possess relatively small midpieces, and midpiece lengths do not correlate closely with overall flagellar length, unlike those of other mammals (see below), again suggesting that bat spermatozoa are unusual in terms of the selection pressures moulding their morphology. Finally, many bats show pronounced female-dominant sexual dimorphism (Rails, 1976; Myers, 1978) , suggesting that spatial dispersion in a large female tract may also be a relatively more important factor than in other mammals of comparable size. Table 5 summarizes the relative linear proportions of head, midpiece and principal piece for all mammals, and for 5 groups for which there are sufficient numbers represented to warrant analysis. It is apparent that, even though the total length of mammalian spermatozoa varies considerably, the mean head length is relatively constant and it is the other components which exhibit most variation. This is, perhaps, not surprising, as the total amount of nuclear material carried by spermatozoa is fairly constant (van Duijn, 1975) . In general, the spermatozoa of rodents and artiodactyls have relatively long midpieces and short principal pieces; those of marsupials are the reverse, with short midpieces, while those for primates and bats are intermediate. While it seems intuitively 'right' that the relative length of the midpiece is a measure of the potential energy output of the spermatozoon, it is difficult to interpret the functional significance of these data without further study. Further analysis showed that there was a significant positive correlation between the length of the midpiece and the length of the head and principal piece (log values) for all groups except Primates and Chiroptera (Table 6 ). The changes in midpiece length with increasing total sperm length were not isometric ( 1), but rather showed negative allometry (a< 1:0-36-0-49), with the midpiece length increasing less rapidly than other components as total sperm length increases. Presumably this is because the changes in dimensions are volumetric rather than simply linear, and the midpiece, being thicker than the principal piece, can be expected to show a low value for (Gould, 1966) . On a final cautionary note, it is worth re-emphasizing that the data here are presented largely uncritically. The problems of measuring spermatozoa have been reviewed by van Duijn (1975) , who points out the many possible errors that can arise either from optical artefact or shrinkage due to drying or fixation. It is difficult to accept, for example, the publication of dimensions with a puta¬ tive accuracy of 0001 µ when the limit of resolution of the light microscope is in the order of 0-2 µ .
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